Abstract: Disordered GaN nanopillars of three different heights: 300, 550, and 720 nm are fabricated, and demonstrate broad angular and spectral antireflective characteristics, up to an incident angle of 60 o and for the wavelength range of λ=300-1800nm. An algorithm based on a rigorous coupled-wave analysis (RCWA) method is developed to investigate the correlations between the reflective characteristics and the structural properties of the nanopillars. The broadband and omnidirectional antireflection arises mainly from the refractive-index gradient provided by nanopillars. Calculations show excellent agreement with the measured reflectivities for both s-and p-polarizations.
Introduction
High performance and cost effective anti-reflective (AR) surfaces enable a variety of applications such as high-power laser systems, imaging cameras, sensor arrays, and solar cells. Over the past decade, the development of AR surfaces employing periodic subwavelength structures (SWS) has shown several advantages over the conventional dielectric AR coatings, such as broad angular and spectral responses, polarization insensitivity, and reliability in harsh and abrasive environments [1] . Recently, the interests in nano-scaled AR textures have been extended to disordered structures, where the fabrication cost is significantly reduced without the requirement of the electron beam lithography. Moreover, a variety of materials, including Si, GaAs, and glass [1] , are available for the applications, offering versatile device possibilities.
While several studies have been made on the reflectivity characterizations of disordered nanostructures [2] [3] [4] , few reports have discussed the correlation between the reflective characteristics and the structural properties, such as geometric shapes, dimensions, and densities. Calculations on the reflectivities of nanostructures are also a challenge due to the nature of disorder, hindering further progress in device design and analysis. In this work, we have fabricated GaN nanopillar structures with three different heights: 300, 550, and 720nm. Since GaN is a wide bandgap material [5] , the observed AR characteristics can be correlated with the structural properties. An algorithm based on a rigorous coupled-wave analysis (RCWA) method is also developed to investigate the dependence of reflectivities on the structural properties of nanopillars without considering sidewall roughness and scattering. Calculations also show excellent agreement with the measured reflectivities for both s-and ppolarizations. ICP-RIE Fig. 1. (a) . The schematics of n-GaN nanopillars fabricated using self-assembled Ni nanomasks and ICP-RIE process. Cross-sectional views of the FESEM graphs for fabricated nanopillar structures with heights of (b) 300 nm, (c) 550 nm, and (d) 720 nm.
Fabrication and characterization
GaN nanostructures can be fabricated using various techniques, such as E-beam lithography [6] , inductively coupled-plasma reactive ion etching (ICP-RIE) process [7] , synthesis using carbon-nanotube templates [8] , or epitaxial growth of nanostructures [9] . In this work, the GaN nanopillars of different heights were fabricated by a relatively simple method, using selfassembled Ni nano-masks and ICP-RIE process as illustrated in Fig. 1(a) . The samples were grown by metal organic chemical vapor deposition (MOCVD) with a rotating-disk reactor on a c-plane sapphire (0001) substrate at the growth pressure of 200 mbar. The epitaxial structure consisted of a 2-μm-thick GaN nucleation layer and a 2-μm-thick Si-doped n-GaN layer. A Ni film with a thickness of 10nm was first evaporated on the n-GaN surface using an E-beam evaporating system, followed by the rapid thermal annealing (RTA) process under the N 2 flowing gas of 10 SCCM at 850 o C for 90 seconds to form Ni nano-dots, served as the etch masks. The diameter, density, and averaged height of the nano-masks were approximately 150 nm, 3x10 9 cm -2 , and 120 nm, respectively. The fill factors of the nano-masks in general can be varied from 33% to 45% by controlling the thickness of the deposited Ni film. The samples were then etched by the ICP-RIE system (SAMCO ICP-RIE 101iPH) operated at 13.56 MHz under a gas mixture of Cl 2 /Ar = 45/30 SCCM through individual electronic mass flow controllers. The ICP source power, bias power, and the chamber pressure of the ICP-RIE system were set to 400W, 100 W, and 0.66 Pa, respectively. Finally, the samples were dipped into a heated nitric HNO 3 at 100 °C for 10 min to remove the residual Ni nano-masks. Details of the nanopillar formation process were described in [10] . The diameter and density of the fabricated nanopillars were nearly the same as those of the Ni masks, while the height was controlled by etching time.
We have fabricated GaN nanopillars with heights of h=300, 550 and 720 nm, corresponding to the etching times of 60, 90 and 120 sec, respectively. Figures 1(b) to 1(d) show the cross-sectional views of the field-emission scanning electron micrographs (FESEM) of the fabricated samples. The respective etching rates were approximately 5, 6.11, and 6nm/sec, indicating a slower etching rate at the beginning period due to the unapparent initial bombardment efficiency. However, the etching rate was decreased again at the etching time of 120 sec because, as shown in Fig. 1(c) , the lateral etching of nanopillars became noticeable, limiting the etch depth. A deeper nanopillar structure could be achieved if the flow rate of the etching gas (Cl 2 ) was reduced along with an increase in ICP power. It is found that the flow rate of Cl 2 and ICP power are critical in controlling the shape of nanopillars.
The reflectivity of the n-GaN nanopillars was characterized as a function of the incident angle for both s-and p-polarizations, using a linearly polarized He-Ne laser at λ= 632.8 nm. The incident power was set to 3 mW with a spot size of ~1mm. As shown in the inset of Fig.  2 , light struck on the sample at an incident angle θ i , with respect to the surface normal, while the detector on the other side received the reflected light at the same angle, θ o =θ i . Both angles were varied from 20˚ to 80˚. The system was calibrated with a silicon substrate before measurements. We also verified that the reflectivities contributed by high-order diffractions were negligible. For reflectivity spectroscopy, the incident light was obtained from a monochromator using a xenon lamp with wavelengths ranging from 300 to 1800 nm. 
Results and discussion
The measured angle-dependent reflectivities for GaN nanopillars of different heights are shown in Fig. 2 (a) for s-polarization and (b) for p-polarization. The calculated reflectivities of bulk GaN (n=2.5) for both polarizations are also plotted for reference. As shown in Fig. 2 , the angular reflectivities in GaN nanopillar structures have been drastically reduced from those of bulk. As shown in Fig. 2(a) , the reflectivities of s-polarization for h=550 and 720nm are nearly identical, showing excellent AR characteristics (<3%) up to an incident angle of 50 o . The reflectivities for h=330nm are relatively high and the interference from air/GaN and GaN/sapphire interfaces can also be observed. The interference characteristics completely vanish for h=550 and 720 nm, since the scattering on the nanopillar surfaces give rise to phase randomization. As shown in Fig. 2(b) , the measured reflectivities for three different heights are lower than 3% up to an incident angle of 60˚ for p-polarization. It is worth noting that the reflectivities of nanopillars decrease as the incident angle increases before Brewster's angle, similar to those of bulk. Although Brewster's angle becomes indiscernible in nanopillar structures, minimal reflectivities occur at incident angles of 53.5 o , 48.8 o , and 46.4 o for h=300, 550, and 720 nm, respectively, showing a linear correlation between the pillar height and the incident angle of the minimal reflectivity. This characteristic can also be observed in the measured reflectivity ratio of polarizations, that is, the ratio of the reflectivity of the spolarization to that of the p-polarization, denoted as I s /I p . As shown in Fig. 3 , the bulk GaN exhibits a calculated peak of I s /I p >10 4 at Brewster's angle of 63.5 o , while I s /I p drops significantly to <20 for all nanopillar structures. As the height of the nanopillar increases, the peak of I s /I p shifts towards a smaller incident angle. Figure 3 suggests that the reflectivities become polarization-insensitive even in a shallow nanostructured surface. It is also worth noting that the ratio I s /I p is enhanced at small incident angles, since the spatial symmetry of bulk at the normal incidence is altered by the nanostructures. Similar results have been observed in GaN nano-wires on sapphire with different coverage ratios [11] . The reflectivity spectroscopy with light incident at an angle of 32 o is shown in Fig. 4 . Bulk GaN exhibits reflectivities of ~23% for s-polarization and ~13% for p-polarization in the wavelength range between 300 nm and 1800 nm, while the GaN nanopillars of h=720 nm show reflectivities <5% in the 300-1200 nm wavelength range, and <10% in λ=1200-1800 nm for both polarizations.
The measured reflectivities of GaN nanopillars are about an order of magnitude smaller than those of the reported porous structures [2] , suggesting additional AR mechanisms besides the porous structure effect. Since the SEM images show distinctive pillar profiles for the three samples, it is of great interest to understand whether the structural properties, such as the density, geometric shapes, and dimensions can contribute to the omnidirectional AR characteristics. Therefore, a theoretical model based on a RCWA method is developed to investigate the dependence of the AR characteristics on the structural properties of nanopillars.
The RCWA method is often employed to solve the diffraction and transmission efficiency of optical diffractive elements, where the reflectivity is obtained as a sum of the reflected diffraction efficiencies of different diffraction orders. In order to minimize the calculation errors arising from periodic boundary conditions in disordered structures, a unit-cell is defined with dimensions at least an order of magnitude larger than the incident wavelength. The size of unit cell and randomness of nanopillar positions have also been studied to ensure convergence. Calculations show that a refractive-index gradient between air (n=1) and bulk GaN (n=2.5) is the key element to significantly reduce the reflection. Physically speaking, this gradient does not have to be linear, as long as the increment in the refractive indices is small enough such that the incident light can hardly experience changes in the dielectric environment. Hence, the shape of nanopillars, which determines the refractive-index gradient, is desired to be cone-like or spearhead-like structures. The periodic SWS with shapes of pyramids are nearly ideal AR structures, since the nano-pyramids provide a linear gradient of the refractive indices between air and the silicon substrate [12] . In order to apply the design concept to disordered structures, we can define the fill factor as the ratio between the areas covered by nanopillars with respect to a unit cell. It is desirable that the fill factor at the base of the nanopillars approaches one while that at the top approaches zero. The comparison of the angular and spectral AR characteristics between periodic and random nanostructures is discussed in [13] . We first investigate the origins of the omnidirectional antireflection by fitting the measured data assuming a linear refractive-index gradient. The calculation is focused on the structural properties --such as the refractive index gradient and the fill factors --which can be collectively described and correlated to the AR characteristics. The randomness of pillar diameters and profiles is neglected in simulation because it provides little insight for the reduction of reflectivities, even though it does add fluctuations in the calculated reflectivities due to the finite unit cell size. Figure 5(a) shows the refractive-index profile of a unit cell, which consists of 7x7 random nanopillars with a height of 720nm. The unit cell has an area of ~1.6 μm 2 , corresponding to a density of ~3x10 9 cm -2
. The top/bottom diameters of the pillars with h=300nm, 550nm, and 720nm are chosen to be 140/170, 100/180, and 80/190 nm, respectively. The calculated reflectivities of random nanopillars are plotted as a function of the incident angle in Fig. 5 for (b) h=300nm, (c) h=550nm, and (d) h=720nm. Although the index profiles used for fitting do not resemble the SEM images of the nanopillars microscopically, the calculations in Fig. 5 indicate that both structures share similar macroscopic AR characteristics. According to the nanopillar profiles shown in Fig. 1(c) for h=550nm and 1(d) for h=720nm, the collective index profiles exhibit a non-linear gradient which results in the omnidirectional AR characteristics. On the other hand, the AR properties for h=300nm are limited by the etch depth and the pillar profile.
Moreover, since the pillar height is directly related to the etching time, it is also desirable to investigate the correlations between the heights and the AR characteristics of disordered nanopillars. The calculation parameters for nanopillars of h=720nm are used for this study. In a process condition where the refractive-index gradient is fixed, we assume that the base fill factor changes with the pillar height, as shown in the inset of Fig. 6(a) . The reflectivities of nanopillars are calculated as a function of pillar height at a light-incident angle of 21 o with a fixed refractive-index gradient for both s-and p-polarizations. As shown in Fig. 6(a) , the reflectivities drop to less than 2%, as the height becomes larger than 500 nm. However, in a situation where top and bottom fill factors are fixed and chosen to be close to zero and unity, respectively, the pillar height determines the refractive-index gradient, as illustrated in the inset of Fig. 6(b) . The calculated reflectivities of both polarizations in this case quickly decrease to less than 2% as soon as the height is over 150nm. These calculations indicate that the design of AR nanostructures relies on the choices of fill factors and the refractive-index gradient from which the fabrication parameters, such as the density of Ni nano-masks and the etch depth can be derived. 
Conclusion
We have investigated the angular and spectral reflectivities of GaN nanopillars with three different heights: h=300 nm, 550 nm and 720 nm. The nanopillar structures exhibit omnidirectional and broadband AR characteristics, up to an incident angle of 50 o and 60 o for s-and p-polarizations, respectively, and for the wavelength range of λ=300-1800nm. Moreover, the reflectivities of nanopillars are polarization-insensitive compared to those of bulk. Calculations based on a RCWA method reveals that the superior AR characteristics arise mainly from the refractive-index gradient profile provided by the nanopillars between air (n=1) and bulk GaN (n=2.5). The theoretical study concludes that the design of disordered AR nanostructures relies on the choices of the refractive index gradient and the fill factors from which the fabrication parameters can be obtained.
